INTRODUCTION
Since the Texas Port disaster of 1947, there has been a steady increase in the use of ammonium nitrate based explosives (i.e. ANFO, emulsions, water gels, etc.), which are now the most widely used bulk commercial explosive in the mining, quarrying and civil industries. Explosive suppliers and manufacturers have established ammonium nitrate (AN) as their primary commodity, with large investments into the infrastructure required for the manufacturing, storage and use of AN. Because of this, independent research and development into alternative explosive formulations has been limited in recent decades. However, as the production of hazardous nitrogen oxide (NOx) fumes from the use of AN based explosives continues to present a serious safety risk, researchers are beginning to consider alternative explosive formulations.
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. Hybrid mixtures of peroxide with sodium nitrate showed that even though there is theoretically more energy available, field results indicate that this extra energy does not translate into higher velocities of detonation for a range of densities. Additionally, variation in the charge of the cation in the nitrate (i.e. Na + , Ca +2 ) does not translate into a significate difference in VOD, which suggests that cation charge does not influence detonation performance. Some hypotheses are offered to explain this behaviour.
and Araos (2017) . Results of unconfined velocity of detonation (VOD) tests conducted by these investigators have shown that HP/fuel explosive mixtures exhibit non-ideal detonation performance characteristics similar to current AN based commercial explosives.
Research conducted by Onederra (2013, 2015) has created the opportunity for the development of a new group of potential commercial explosives that do not require AN as their primary oxidising agent. However, it is well known that HP is an excellent oxidiser which is highly reactive with many classes of chemicals but is also known for being particularly challenging to handle and store (Mackenzie 1990 ). This would be problematic for explosives that use HP as their primary oxidising agent, as large amounts of HP are required. It was initially hypothesised that the addition of a nitrate to the oxidiser phase of HP/fuel mixtures would reduce the amount of HP required in the formulation; extended the range of product densities; improve the stability and handling characteristics of the product; and still contain less nitrogen than existing AN based commercial explosives. Therefore three novel explosive formulations were developed, each containing a hybrid mixture of hydrogen peroxide and either sodium nitrate (SN), calcium nitrate (CN) or ammonium nitrate (AN). In order to investigate the potential of these novel hybrid explosives, their detonation performance was characterised by both detonation modelling and a series of unconfined velocity of detonation tests.
REVIEW OF HYDROGEN PEROXIDE AND NITRATES USE IN EXPLOSIVE PRODUCTS
Ammonium nitrate forms the primary oxidising agent of nearly every currently available bulk commercial explosive product. The use and nonideal detonation characteristics of AN based explosives have been extensively studied and published for many years (Hagan 1968 , Lee et al. 1989 , Persson et al. 1993 . It is well known that the oxidiser composition of AN based explosives influences their detonation performance (Frost & Zang 2009 ). SN and CN are regularly added in small quantities to the oxidiser phases of AN based slurries and emulsions to improve their explosive characteristics or for stability and economical reasons, but are not used as the primary oxidiser in any currently available bulk commercial explosives (ISEE 2014) . It has been hypothesised that because the heat of formation of SN and CN during detonation is lower than that of AN, they would exhibit poorer explosive performance (Mahadevan 2013 ) in the oxidiser phase. Hybrid mixtures containing HP with different nitrates has allowed a study of the performance of these particular explosives.
The first recorded detonation of HP-fuel based explosive mixtures was published by Shanley & Greenspan (1947) . In 1948, Shanley & Kauffmann (1948) obtained a patent for the use of hydrogen peroxide, glycerol and water as a single-phase liquid explosive. The explosive limits are illustrated in the ternary diagram for the explosive in Figure 1 . The work by Shanley & Kauffmann (1948) was significant because provided the water content was below 52%, HP/fuel mixtures were found to detonate from a standard blasting cap.
In 1962, Baker & Groves (1962) were granted a patent for a formulation that utilised explosive mixtures of high concentration HP and a range of solid fuels. One of the most important and novel breakthroughs by Baker & Groves (1962) was their discovery that the amount of HP in the explosive mixtures could be reduced by adding other oxidising agents such as sodium nitrate or ammonium nitrate. A patent granted to Bouillet et al. (1990) was for cartridge explosive mixtures that contained high concentrations of HP (>60% w/w), oxidising organic material and a gelling agent. These packaged explosives detonated with a VOD in the order of 6,000 m/s in unconfined PVC tubes, with densities in the range of 1.20-1.38 g/cc.
Recently, Araos & Onederra (2013 illustrated from a series of unconfined VOD tests that mixtures of a lower concentration of HP (44% w/w) and a fuel were able to detonate if adequetly sensitised. The mixtures detonated over a range of densities in small diameter tubes (i.e. 23 mm to 87 mm) at velocities between 2,600 m/s and 5,000 m/s, as illustrated in Figure 2 (Araos & Onederra 2013 . The velocities at which the sensitised HP/fuel mixtures detonated are comparable with currently available commercial ANFO, emulsion and water gel technologies. The work by Araos & Onederra (2013 is significant because previous research by other scholars had found that only explosive mixtures with high concentrations of HP above 60% w/w were able to detonate with reasonable velocities (Heemskerk & Scholtes 1996 , Schreck et al. 2004 , Sheffield et al. 2010 . However, the effect on detonation performance of adding nitrates to sensitised low-concentration HP/fuel explosive mixtures has not yet been studied. As nitrates and HP both have positive oxygen balances, it was hypothesised that a certain amount of HP in the HP/fuel mixture could be replaced by nitrates and detonation would still be possible.
FORMULATION OF NOVEL HYBRID EXPLOSIVES
Three novel hybrid explosives were developed, each with a different nitrate in the oxidiser phase. This was done in order to explore how the detonation performance of the novel hybrid the oxidiser phase. The oxidiser phase of the three hybrid explosives contained water, hydrogen peroxide (HP), and either sodium nitrate (SN), calcium nitrate (CN) and ammonium nitrate (AN). These three nitrates were chosen because they are commonly available chemicals and are already used in currently available bulk commercial explosives. The primary objective for comparing the detonation performance of the hybrid explosives was to keep the proportion of the nitrates in the oxidiser phase and oxygen balance of the explosive mixture constant across all three explosive formulations. This would ensure an unbiased comparison of the effect of different nitrates on the detonation performance. The secondary objective was to use the highest concentration of nitrate in the oxidiser phase as possible, so the difference in the detonation performance of the three hybrid explosives would be observable. However, due to the low solubility of SN, the oxidiser phase of each novel hybrid explosive was limited to 35% w/w nitrate, 24.8% w/w HP, and 40.2% w/w water. Note that these are the percentages by weight of the chemicals in the oxidiser phase, not the total explosive mixture.
The fuel phase of the three hybrid explosives was comprised of a water-soluble liquid fuel and a thickening agent used to modify the viscosity of the explosive gels. Density control and sensitisation of the explosive gels was achieved by the addition of Glass Micro Balloons (GMB) Q-Cel 5020 (from Potters Australia) to the gel. The relative proportion of the thickening agent used in the fuel phase of each hybrid product was enough, then the GMB would separate out from the gel and float, but if the gel was too viscous, then the GMB would not sufficiently mix through the gel. The proportion of thickening agent that was found to produce a suitable viscosity for each hybrid explosive ranged between 0.6% w/w and 1.0% w/w of the total formulation. The unsensitised gel densities of the three novel explosive formulations are presented in Table 1 . GMB was added in different amounts to produce sensitised hybrid explosive products with densities ranging from 0.50 g/cc to 1.35 g/cc.
The oxygen balance (OB) of an explosive is a vital characteristic of its formulation, as the detonation performance of the product is strongly dependent on how much oxygen is available in the explosive for consumption during detonation (Akhaven 2004) . The closer an explosive is to being oxygen balanced, the more energy will be released during detonation (Liu 2015) . However explosive manufacturers typically maintain a slightly negative OB for their AN based explosives as this reduces the likelihood of a NOx fume event (ISEE 2014) . For this reason, the OB of the three hybrid explosives was maintained between -0.45% and -0.55% by using an appropriate oxidiser to fuel ratio. The formulation of the hybrid explosive products are summarised in Table 1 . The weight percentage of nitrate, HP and water were similar for all three products, with HP concentrations of approximately 20% w/w.
IDEAL DETONATION MODELLING
Before conducting fully instrumented field testing of the formulated novel hybrid explosives, detonation code modelling was completed to estimate their ideal detonation performance. A detonation code developed as part of a major research project at the University of Queensland was utilised in this research project. The code utilises both fundamental thermo-chemistry and hybrodynamic principles as the basis for its analysis. Modelling of the detonation properties of the hybrid explosives was valuable because it provided an estimation of the maximum attainable performance of each of the explosives, irrespective of their diameter or confinement. The detonation properties that were modelled for each of the novel hybrid explosives included: ideal VOD, available energy, detonation pressure, and detonation temperature. The available energy was estimated by the code as the energy released by the explosives before the pressure of the gasses fall below 100 MPa due to expansion.
The ideal VOD of the hybrid explosive products was modelled for a range of densities from 0.58 g/cc to 1.35 g/cc, as illustrated in Figure  3 . As the density of the hybrid explosives increased so did their VOD, which is a standard characteristic of all explosives. The AN based hybrid product exhibited the highest ideal velocities of detonation of 3800 m/s to 6800 m/s. The SN and CN based hybrids had similar ideal velocities of detonation ranging from 3500 m/s to 6500 m/s depending on the explosive density. This was an interesting result, as SN and CN have different chemical properties but modelling suggested their hybrid explosive mixtures had comparable velocities of detonation.
The SN based explosive had the greatest available energy between 2.2 MJ/kg and 4.6 MJ/kg, which was approximately 0.5 MJ/kg greater than both the AN and CN based products, as illustrated in Figure 4 . Even though the hybrid mixtures containing SN and HP theoretically have more available energy, ideal detonation modelling illustrated that more energy does not translate into higher velocities of detonation for a range of densities. Further, the modelled ideal VOD and available energy of the three hybrid products suggested that the variation of the cation charge of the nitrate (i.e. Na + , Ca +2 , NH4 + ) does not result in a significant difference in detonation performance.
The modelled ideal detonation pressure and temperature for the novel explosives are illustrated in Figure 5 and Figure 6 respectively. All three hybrid explosives had similar modelled detonation pressures, with the detonation pressure of the AN based hybrid explosive approximately 0.5 GPa greater than both the SN and CN based products. The detonation temperatures for each of the hybrid explosives remained fairly constant over the range of modelled explosive densities, with the SN hybrid explosive exhibiting the highest detonation temperature of approximately 3800°C.
Ideal detonation modelling of the three novel hybrid explosive products offered some interesting insights into their potential performance. A different hybrid product exhibited the greatest performance for each modelled detonation property (i.e. VOD, energy, detonation pressure and temperature). The AN based product displayed the highest ideal VOD and detonation pressure, whereas the SN based product was predicted to detonate with the greatest temperature and available energy. Thus, modelling predicted no clear correlation between the choice of nitrate in the formulation and the resulting detonation performance.
UNCONFINED DETONATION TESTS
In order to fully characterise the detonation performance of the novel hybrid explosive mixtures, a total of 30 fully instrumented unconfined VOD tests were conducted at a blasting range. The only parameter altered during the detonation tests was the density of the charges. All other variables which could influence the detonation performance of the explosive remained constant. These variables included: confinement, charge dimensions, type of sensitisation (i.e. GMB) and initiation energy. Charges were loaded into tubes which were 51 mm in diameter, 600 mm long and were constructed of thin plastic with a wall thickness of 1 mm. The VOD of the explosive charges was continuously measured using both a ShotTrack VOD monitor (ShotTrack 2015) and MREL Microtrap data acquisition system (MREL 2017). Using two data acquisition systems provided a necessary redundancy and ensured that any measurement bias was minimised. The explosive charges were suspended from a metal frame, and the coaxial cables used by the VOD data acquisition systems were taped to the outside of the charge. A primer consisting of two 25 g Pentolite boosters was then used to initiate the explosive mixtures. The typical setup of an unconfined detonation test is presented in Figure 7 .
Typical VOD traces recorded by the Microtrap and ShotTrack VOD data acquisition systems are shown in Figure 8 . Even for explosive charge lengths of only 600 mm, a stable VOD was able to be measured for all the charges which successfully detonated. For a 51 mm diameter charge, it was found the AN based hybrid explosive produced the highest VODs over the range of charge densities tested, as illustrated in Figure 9 . The AN based product detonated with velocities between 3231 m/s and 5158 m/s for densities in the range of 0.65 g/cc to 1.16 g/cc. The CN based hybrid product detonated with velocities between 2280 m/s and 4604 m/s for densities in the range of 0.51 g/cc to 1.28 g/cc; and, the SN based hybrid product detonated with velocities between 2720 m/s and 4133 m/s for a range of densities between 0.72 g/cc and 1.18 g/cc. The unconfined VOD test results followed a similar trend to the modelled ideal VOD results, in that hybrid explosives containing ammonium cation in their oxidiser phase exhibited higher detonation velocities than for the hybrid products containing sodium and calcium nitrate. Field testing of the hybrid mixtures of peroxide with sodium nitrate also confirmed that even though there is theoretically more available energy, this does not necessarily translate into higher velocities of detonation.
It can be inferred that the three hybrid products exhibited non-ideal detonation behaviour because their velocities of detonation were considerably lower than predicted values from ideal detonation modelling. This observed non-ideal detonation behaviour is in agreement with the findings published by Araos & Onederra (2015) . For a density of 0.97 g/cc in a 44 mm tube, Araos & Onederra (2015) found that explosive HP/fuel mixtures detonated with a VOD of approximately 4300 m/s. However, at densities above 0.97 g/cc, the velocities of detonation of the HP/fuel mixtures reduced significantly to less than 3000 m/s in 44 mm tubes (Araos & Onederra 2015) . All three novel hybrid explosives presented in this paper detonated at densities above 1.15 g/cc with velocities in excess of 4100 m/s. Thus the addition of nitrates to the oxidiser phases of explosive HP/fuel mixtures did not considerably increase their maximum attainable VOD, but was found to increase their VOD at higher densities.
As mentioned previously, Araos & Onederra (2015) found for HP/fuel explosive mixtures that at a certain density there tended to be a peak VOD, with higher density mixtures resulting in a lower VOD. This performance has been extensively observed and published for other sensitised bulk commercial explosives which exhibit non-ideal detonation behaviour (Price 1966 , Hattorri et al. 1982 , Lee & Persson 1990 . It is believed this characterstic of non-ideal detonation was not observed for the novel hybrid explosives because the difference in their peak-VOD density and critical density may have been too small.
Nonetheless, the detonation of the novel hybrid explosives at higher densities was strongly dependent on the level of sensitisation, allowing a comparison of their critical densities for a 51 mm charge diameter. The highest density at which the SN product was tested was 1.18 g/cc. However, the maximum density at which the SN product Figure 9 . Unconfined VOD vs density for novel hybrid explosives.
would detonate was not able to be determined in this testing program, as all densities that were tested successfully detonated. Considering that the density of the unsensitised gel was approximately 1.34 g/cc, it can be inferred that the critical density of the SN product is between 1.18 g/cc and 1.34 g/cc for a 51mm charge. The AN based hybrid explosive detonated in a 51 mm tube at a density of 1.16 g/cc but failed to initiate at a density of 1.19 g/cc. Similarly, the CN based hybrid product detonated at a density of 1.28 g/cc in a 51 mm tube but failed to detonate at 1.30 g/cc. From these results, the CN based hybrid product appears to have the greatest critical density, followed by the SN based hybrid product, with the novel AN product having the lowest critical density. This result was interesting because the novel AN hybrid explosive actually exibited the highest VOD for the range of densities tested.
DISCUSSION OF THE DETONATION PROPERTIES OF THE NOVEL HYBRID EXPLOSIVES
The detonation performance of hybrid explosive mixtures containing HP and nitrates in the oxidiser phase illustrated two phenomena which have not been explained in the literature: more avialable explosive energy does not necessarily translate into higher velocities of detonation for a range of densities, the variation of the cation charge in the nitrate (i.e. Na + , Ca +2 ) does not translate into a significant difference in VOD Some hypotheses are presented to explain these observed phenomena. In order for a detonation front to progress through an explosive material, there must be ignition of the reactants due to the creation of hot spots in the explosive (Bowden & Yoffe 1952 , Zinn 1962 . These hot spots are typically created by the compression of voids (i.e. GMB) in the explosive due to the shock front of the detonation, increasing their temperature until they initiate the surrounding reactants (Braithwaite 2013 ). The energy enparted by hot spots to the explosive reactants must be great enough to overcome their activation energies and continue the detonation reaction. It is hypothesised that even though the SN hybrid mixture theoretically had more available energy during detonation than the AN hybrid product, the activation energy of the reactants required to progress the detonation was higher for the SN hybrid mixture than the AN hybrid product. This conjecture will have to be tested in future work by assessing the activation energies of the reactants in the novel hybrid explosives. However, if the activation energy of the reactants in the SN hybrid are higher, then the rate of the detonation reaction through the product would be slower than that of the novel AN product, which was what was observed during the unconfined detonation testing. Therefore it is proposed that the velocity of detonation of nonideal explosives is not related to the total amount of energy released during detonation, but is in fact a function of the rate at which explosive energy is released (i.e. the power of the explosive), which in turn is a dependent on the activation energies of the explosive reactants.
Another hypothesis is that the modelled available energy for the ideal detonation of the novel explosives is not representative of their true available energy during detonation. Ideal detonation modelling is often used to estimate the total energy released during detonation from the heat of formation of the detonation products and reactants, assuming the reaction goes to completion as the detonation front passes (Braithwaite 2013) . However, commercial explosives exhibit non-ideal detonation behaviour, for which the energy released during detonation is not only dependent on the explosive formulation, but also on the detonation parameters, such as pressure, temperature, confinement and charge diameter (Mohanty 2013) . Therefore, the available energies estimated by the ideal detonation code would not be a fair estimate of the energy released during the detonation of the novel products studied in this research. This may explain why higher velocities of detonation were not observed for the novel explosive products which theoretically contained more available energy.
CONCLUSIONS AND FUTURE WORK
Previous work has illustrated that sensitised mixtures of low-concentration hydrogen peroxide with a fuel exhibited detonation properties comparable to currently available commercial explosives. However, there have been no investigations conducted on the detonation performance of hybrid explosive mixtures containing combinations of HP and nitrates in the oxidiser phase of the explosive. Therefore three novel explosive formulations were developed, each containing a hybrid mixture of hydrogen peroxide and either sodium nitrate, calcium nitrate or ammonium nitrate. These hybrid explosive mixtures allowed the study of the effect on explosive performance from using different cations with the nitrate in the oxidiser phase.
Modelling and a series of unconfined velocity of detonation tests were used to characterise the detonation performance of the novel mixtures. Analysis of the test results illustrated the following: the addition of nitrates to the oxidiser phases of explosive HP/fuel mixtures did not considerably increase their maximum attainable VOD, but was found to increase their VOD at densities above 1.00 g/cc for the range of densities tested, the AN based hybrid product detonated with the highest unconfined velocities of detonation, reaching over 5100 m/s at a density of 1.16 g/cc the SN hybrid product detonated at velocities similar to those exhibited by the CN hybrid explosive, suggesting that the variation of the cation charge of the nitrate does not result in a significant difference in detonation performance even though the hybrid mixtures containing SN and HP theoretically had more available energy, ideal detonation modelling and field testing illustrated that more energy does not translate into higher velocities of detonation for a range of densities Hypotheses were proposed to explain the observed detonation phenomena of the novel explosive mixtures. It was suggested that the velocity of detonation of these non-ideal explosives is not related to the total amount of energy released during detonation, but is in fact a function of the rate at which explosive energy is released, which in turn is controlled by the activation energies of the explosive reactants. Another hypothesis was that the modelled available energies of the novel explosives were not representative of their true energy released during detonation, due to the hybrid explosives detonating in a non-ideal manner.
Future work is required to fully characterise the detonation performance of the novel explosive mixtures and to test the hypotheses proposed in this paper to explain the observed detonation phenomena. Field testing is required to determine the relative energies of the novel hybrid explosives using standard methods such as underwater testing or crater testing. This would allow analysis of whether the available energies of the novel hybrid explosives estimated by the ideal detonation code were representative of their true available energies during detonation. In order to more thoroughly understand the non-ideal detonation behaviour of the novel explosives, their detonation performance should be tested for a range of charge diameters. The study of hybrid explosives could also be extended to testing novel explosive mixtures containing HP and different nitrates, and testing the influence on detonation performance of alterating the ratios of HP to nitrates in the oxidiser phase.
